The role of the double-hydrophilic block copolymer poly͑ethylen glycol͒-block-poly͑methacrylic acid͒ ͑PEG-b-PMAA͒ on the morphogenesis of calcium carbonate (CaCO 3 ) was studied by applying the contrast variation small angle neutron scattering technique. The morphology and size of CaCO 3 crystals is strongly affected by the addition of PEG-b-PMAA. In order to determine the partial scattering functions of the polymer and CaCO 3 mineral, we developed both an experimental and theoretical approach with a sophisticated method of their determination from the scattering intensity. Partial scattering functions give detailed information for each component. In particular, the partial scattering function of the polymer, S pp , shows a monotonic slope with Q Ϫ2 to Ϫ3 where the scattering vector Q is low (QϽ0.01 Å Ϫ1 ), which is a clear evidence that the polymer within the CaCO 3 mineral has a mass fractal dimension. The other partial scattering functions reflected the geometry of the CaCO 3 particles or the ''interaction'' of polymer and CaCO 3 on a microscopic scale, which leads to a coherent view with S pp .
I. INTRODUCTION
The morphology-controlled synthesis of inorganic materials is a key aspect in the field of materials science, as for ceramics, catalysis, pigments, cosmetics, and so on. It is also well known that biological systems synthesize highly advanced and optimized inorganic materials such as bones, teeth, and shells by controlling their size, shape, structure, and orientation with the help of self-assembled organic molecules like proteins, lipids, etc. These organic additives have been known as quite useful tools to control the nucleation, growth, and alignment of inorganic crystals with complex form, 1 and it is possible to mimic these processes. 2 Recently, a new class of functional synthetic polymers, the so-called double-hydrophilic block copolymers, was developed for mineralization purposes. 3 These polymers consist of two hydrophilic parts: one block is designed to interact strongly with the inorganic minerals, while the other block does not ͑or only weakly͒ interact with mineral surfaces and mainly promotes the solubility in water. In contrast to amphiphilic block copolymers in the hydrophilichydrophobic sense, these polymers do not form superstructures in water like micelles, vesicles, and so on, and behave like polyelectrolytes in solution. These polymers have been found to be extraordinarily effective in crystal growth modification or inducing superstructures for several kinds of inorganic materials in water, e.g., barium sulfate, 4 ,5 calcium phosphate, 6 calcium carbonate, 7, 8 barium, cadmium, lead, and mangan carbonate, 9 zinc oxide, 10 lanthanum hydroxide, 11 cadmium tungstate, 12 cadmium sulfide, 13 silver, 14 gold, platinum, 15 and even organic crystals like calcium tartrate 16 or the structure of liquid and solid water were modified. 17 The functions of double hydrophilic polymers have partially been explored in these studies: ͑i͒ the chemical composition of the polyelectrolyte block is of great importance for the morphologies, 4 as the same polymer backbone modified with different functional groups gives totally different morphologies; ͑ii͒ the molecular weight of the block copolymer, especially that of the functional block, has an influence on the morphologies; 18 ͑iii͒ polydispersity seems not to be a dominant control factor, as the results from Refs. 7 and 8 with, respectively, monodisperse and polydisperse polymer fit well into the morphology map from Ref. 8, etc. In this study we investigate the mineralization of calcium carbonate (CaCO 3 ) crystals in the presence of the double-hydrophilic block copolymer poly͑ethylen glycol͒-block-poly͑methacrylic acid͒ ͑PEG-b-PMAA͒. These CaCO 3 crystals were synthesized by crystallization at room temperature in water and in the presence of PEG-b-PMAA. It has been found that the morphology is mainly affected by the ratio ͓polymer͔/͓CaCO 3 ͔ and the pH of the solution. 8 Moreover, in Ref. 8 , a morphogenesis of shapes from rod-todumbbell-to-sphere is indicated very similar to observations a͒ Author to whom all correspondence should be addressed. Electronic mail: h.endo@fz-juelich.de for fluorapatite in gelatin gels. 19, 20 However, the formation mechanisms behind these inorganic structures remain unknown. It is furthermore believed that investigations of these morphogenesis scenarios will provide not only insight into polymer driven formation of complex mineral shapes but also will allow further insight into the mechanisms of biomineralization.
We investigated the structure of PEG-b-PMAA for the formation of CaCO 3 particle superstructures by using the contrast variation small angle neutron scattering ͑SANS͒ technique. A unique possibility of neutron scattering is isotope labeling with deuterium, i.e., the scattering lengths of atoms for neutrons depend on the spin status of the nuclei of the scatterer, so that the coherent scattering length of the hydrogen is negative ͑Ϫ3.74 fm͒, on the other hand, that of deuterium is positive ͑6.67 fm͒. Therefore with neutrons as a probe, contrast variation techniques based on the hydrogen/ deuterium replacement can be used to modify the visibility of different components in the system. 21 The SANS contrast variation method has been widely used for structural investigations of complex systems, e.g., colloidal spheres, 22, 23 polymer aggregates or micelles, 24, 25 microemulsions, 26, 27 biological macromolecules, 28, 29 etc. However, difficulties of this method are that it is highly model dependent 23, 25, 27 and needs accurate determination of the scattering length densities of each component. 22, 24 Therefore these problems have to be solved in order to apply this method successfully. Recently, Endo et al. demonstrated a sophisticated contrast variation technique to evaluate the structure of polymers in ternary microemulsions ͑water, oil, and nonionic surfactant͒ with 15 different contrasts on the two-dimensional contrast plane, i.e., the contrasts of oil and surfactant were varied by mixing the protonated and deuterated chemicals. 26, 30 The significance of this achievement was that even though the polymer concentration was very low ͑ϳ0.5 vol %͒, the intensities could be decomposed into the partial scattering functions on the basis of a precise knowledge of all scattering contrasts.
We tried to make the best use of this technique for the determination of the structure of polymers within the CaCO 3 particles. 31 Since the scattering signal from the polymer is very weak in our system, very precise contrast variation experiments were needed. We also needed further theoretical development for the quantitative decomposition of the achieved intensities into partial scattering functions. We found that the scattering intensity of the ternary system can be described by their partial scattering functions of the three single species ͑squared terms͒ assuming incompressibility. The obtained polymer scattering as well as the polymerCaCO 3 cross term clearly show the geometry of the polymer in the hybrid particles.
II. SCATTERING THEORY

A. Partial scattering functions on the basis of incompressibility
Assuming a multicomponent system with p different species, the scattering intensity (d⌺/d⍀)(Q) can be split into partial scattering functions, S i j , according to Refs. 21 and 32 as follows:
where Q is the scattering wave number defined by Q ϭ(4/)sin(⌰/2) with the scattering angle ⌰ and the neutron wavelength . A partial scattering function S i j is defined by
where V is the scattering volume and ␦c i (r ជ ) is the fluctuation part of the volume fraction of component i, c i (r ជ ), at position r ជ according to
is obtained assuming incompressibility. i is the scattering length density,
where b z is the coherent scattering length of the individual atom z in the molecule i, and v i is the volume of the corresponding molecule. The partial scattering function as defined in Eq. ͑2͒ contains information of intra-and intercorrelations of the species, i.e., involves a form factor and a structure factor.
We will now present a further derivation of the scattering function of Eq. ͑1͒, which leads to a very concise expression.
At the beginning, multiplying Eq. ͑4͒ by ␦c k (r ជ Ј)exp͕ϪiQ(r ជ Ϫr ជ Ј)͖ and doing the integratation
In Eq. ͑6͒, the index k indicates each species, i.e., 1рk р p, therefore p relationships about partial scattering functions are obtained, which means that the relation of Eq. ͑6͒ allows one to eliminate one species from Eq. ͑1͒. Furthermore, the relationship given by Eq. ͑6͒ leads to the form as
is equivalent to the Babinet principle described in Appendix A ͓see Eq. ͑A6͔͒. It is mentioned that Eq. ͑7͒
does not contain any scattering lengths, i.e., Eq. ͑7͒ simply gives a general relationship of partial scattering functions on the basis of incompressibility. In the case of ternary systems, there are totally six partial scattering functions and three partial scattering functions are at least necessary for the description of the intensity based on the incompressibility hypothesis. Let us assume a ternary system with species 1, 2, and 3. According to Eq. ͑7͒, we can find the relationships as follows:
This means that all the cross terms can be substituted by the squared terms, so that the scattering intensity can be described only by the partial scattering functions S ii where 1 рiр3, i.e., we have
Equation ͑9͒ is useful for the contrast variation technique of neutron scattering, since the values of the decomposed partial scattering functions S ii must always be positive, and these S ii are much easier to interpret compared with the cross terms. This equation has been derived also by Pyckhout et al. independently.
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B. Decomposition of scattering intensities into partial scattering functions by contrast variation
When a neutron scattering experiment is performed on the same samples with m different contrasts by using isotope mixtures, the obtained coherent intensities yield a set of linear equations which is expressed as
where I ជ represents a vector of intensities, i.e.,
M គ is a matrix consisting of scattering length densities, and s ជ consists of the partial scattering functions. For a ternary system with components 1, 2, and 3, M គ and s ជ are given based on Eq. ͑9͒ as
͑13͒
where m ⌬ i j ϭ i Ϫ j for the mth measurement. In order to obtain the unknown partial scattering functions, S i j , evaluation of the orthogonal matrix M គ T is necessary. Since all the scattering length densities can be calculated by knowing the chemical structure and mass density of the components, M គ T can be determined with high accuracy. In the case of p component systems, there are p C 2 ϭp!/͕(p Ϫ2)!•2!͖ unknown partial scattering functions ͑see Appendix A͒, so that at least p C 2 measurements with different contrasts are necessary. If the number of measurements is the same as that of the unknown partial scattering functions, it is possible to find a unique solution of s ជ . Otherwise the set of equations is overdetermined ͑called degenerate͒, which can be solved by a ''singular value decomposition'' algorithm for each Q value. This algorithm is equivalent to a least squares fit. 34 It has to be mentioned that Eq. ͑10͒ is not unique, e.g., Eqs. ͑12͒ and ͑13͒ can be replaced on the basis of Eq. ͑A7͒ as follows:
where ''component 3'' is eliminated. But in this case, S 12 will be determined, which is not so easy to interpret.
III. EXPERIMENTAL SECTION
A. Samples
We prepared calcium carbonate (CaCO 3 ) crystals based on the knowledge given in Ref. 8 . A block copolymer poly͑ethylene glycol͒-block-poly͑methacrylic acid͒ ͑PEG-b-PMAA, PEGϭ3000 g/mol, PMAAϭ700 g/mol͒ was obtained from Th. Goldschmidt AG, Essen ͑Germany͒, where the PMAA-block interacts strongly with CaCO 3 while the PEG-block mainly promotes the solubilization in water. The polymer was purified by exhaustive dialysis and used in the crystallization of CaCO 3 . All other chemicals were purchased from Aldrich and used without further purification.
The synthesis of CaCO 3 was carried out by means of precipitation, i.e., aqueous solutions of Na 2 CO 3 and PEG-b-PMAA were first prepared and adjusted to a desired pH ͑e.g., pHϭ8.5) by using HCl or NaOH, then a solution of CaCl 2 was mixed quickly with the pH-adjusted solution under vigorous stirring at room temperature. A detailed description can be found also in Ref. 8 .
The ion concentrations both of CaCl 2 and Na 2 CO 3 were 0.4 normal, where the concentrations were much higher than in the case of Ref. 8 . We prepared the crystals with a mass ratio ͓polymer͔/͓CaCO 3 ͔ϭ0.3 and 0.9 with pHϭ8.5. After the reactions, the crystals were separated from the polymer solution by sedimentation and rinsed three times with pure water, so that the polymer which did not react with CaCO 3 was removed almost completely.
The obtained crystals were characterized by scanning electron microscopy, thermogravimetry analysis, and wide angle x-ray scattering ͑WAXS͒ measurements to confirm the morphologies, fractions of the polymer in CaCO 3 and crystal structures, respectively. In Fig. 1 , the observed scanning electron microscopy pictures of the materials are shown. We obtained mainly dumbbell morphologies for both concentrations ͓polymer͔/͓CaCO 3 ͔ϭ0.3 and 0.9, and could observe that the sizes of the crystals were strongly affected by the initial polymer concentration in the solutions. The detailed results about the characterizations are given in Appendix C.
B. Small angle neutron scattering
SANS experiments were performed at the KWS-1 SANS diffractometer at the FRJ-2 reactor of the Forschungszentrum Jülich. The details of the instrumental setting can be found in Ref. 35 . We used a neutron wavelength of ϭ7 Å with a ⌬/ϭ20% full width at half maximum. The covered scattering wave number Q was 0.002
The calcium carbonate (CaCO 3 ) crystals were mixed with a D 2 O and H 2 O mixture for performing the contrast variation experiments. To avoid sedimentation, a special type of cell was prepared which has both an input and an output nozzle at the top and bottom. A silicon tube was connected between the cell and a peristaltic pump, which circulated the solution during the experiments.
The data sets were normalized to absolute intensity by the incoherent scattering of a Lupolen secondary standard.
Scattering length densities of the polymer and CaCO 3 were calculated on the basis of their chemical structures and mass densities. The mass density for the block-co-polymer was calculated from 1.10 ͓g/cm 3 ͔ for the PMAA-block 36 and 1.125 ͓g/cm 3 ͔ for the PEG-block. 25 Since both the PMAAblock and the PEG-block are protonated, the scattering contrast between these blocks is rather weak. Therefore the scattering length density of the block copolymer approximated the average value of these two blocks. A mass density 2.71 ͓g/cm 3 ͔ is used for the calcite CaCO 3 mineral. 37 The resulting scattering length densities are listed in Table I .
IV. RESULTS AND DISCUSSIONS
The present system is a ternary one with the components CaCO 3 , polymer, and water. Therefore, when the contrast between CaCO 3 and water is completely matched, the scattering signal should come only from the polymer. Figure 2 shows the scattering results obtained from the CaCO 3 /polymer hybrid crystals, where the intensities were obtained with different scattering contrasts and normalized by the volume fractions of CaCO 3 . At low Q, the intensity with D 2 O solvent, where the scattering signal comes from both the polymer and CaCO 3 , is roughly two orders of magnitude higher than the intensity with the contrast matched water. Here the mixture of D 2 O and H 2 O was prepared to match the scattering length density of CaCO 3 so that the scattering should arise only from the polymer in the system. It is a significant difficulty to extract the polymer scattering from such a measurement, as a small mismatch of the scattering contrast between CaCO 3 and water can seriously disturb the scattering from the polymer because of the vast difference between the scattering contribution from CaCO 3 and the polymer. This may happen in the low-Q range. On the other hand, this contrast matching experiment confirms that the low-Q signal with D 2 O solvent is mainly dominated by CaCO 3 . Therefore, we can conclude that the volume fraction of the polymer in CaCO 3 is quite minute, since a scattering intensity is proportional to the volume fraction of the scatterer. This result is consistent with the results obtained by thermogravity measurements presented in Appendix C 2.
To solve the ''mismatch'' problem, we performed contrast variation experiments. As a starting point, a D 2 O/H 2 O FIG. 1. SEM images for CaCO 3 particles with different morphologies: ͑a͒ without polymer, ͑b͒ with polymer (͓polymer͔/͓CaCO 3 ͔ϭ0.3), and ͑c͒ with polymer (͓polymer͔/͓CaCO 3 ͔ϭ0.9). Each CaCO 3 particle was prepared in the solution with pHϷ8.5 at the beginning ͑see the text͒. Table I the estimated scattering length densities of the polymer, CaCO 3 , and the mixtures with H 2 O and D 2 O for each step are shown. The quality of these scattering length densities was checked with the method described in Appendix B.
In Fig. 3 the obtained scattering profiles for the contrast variation experiments are exhibited. It is clearly shown that the intensity at low-Q once decreases with the addition of H 2 O, and increases after the scattering contrast of the aqueous solution crosses the contrast of CaCO 3 . These data sets were used to achieve the partial scattering functions on the basis of Eqs. ͑12͒ and ͑13͒ with knowing all the scattering contrasts of the components. Additionally, we added the results measured with the D 2 O solvent, which improved the stability of the numerical solution. The ternary system contains three unknowns, i.e., S cc , S pp , and S ww , where the subscripts c, p, and w represent the components CaCO 3 , polymer, and water respectively, according to Eq. ͑9͒; therefore the full use of the experimental data set leads to an overdetermined set of six equations ͑five contrast variations plus D 2 O solvent͒. These equations were solved by the method of singular-value decomposition, as described in Sec. II B. Figure 4 displays the resulting partial scattering functions S cc , S pp , and S ww .
The scattering intensities were reconstructed on the basis of the obtained partial scattering functions, i.e., the backsubstitution of the partial scattering functions into Eq. ͑10͒ leads to the corresponding scattering intensity. The reconstructed intensities are compared with the experimental results in Fig.  5 . A nearly perfect reconstruction is achieved. This result confirms that the model in the basis of Eq. ͑9͒ for a description of the scattering intensities with three partial scattering functions and the calculated scattering length densities are appropriate.
A. Squared terms
In Fig. 4 all the squared terms S cc , S pp , and S ww of sample ͓polymer͔/͓CaCO 3 ͔ϭ0.3 ͑a͒ and sample ͓polymer͔/͓CaCO 3 ͔ϭ0.9 ͑b͒ are exhibited. These results are quite reasonable. First of all, all partial scattering functions are positive. That is a demand of the squared terms of partial scattering functions, S ii . Second, S cc ϷS ww is fulfilled for the whole Q range. This is expected from the Babinet principle based on a geometrical discussion when the polymer concentration in the CaCO 3 crystals is very small ͓see Eq. ͑A3͔͒, therefore the system can be regarded as pseudo-binary one. FIG. 3 . Scattering intensities obtained for the contrast variation series. Left curves ͓͑a͒ and ͑b͔͒ are from CaCO 3 prepared with polymer concentration ͓polymer͔/͓CaCO 3 ͔ϭ0.3, and right curves ͓͑aЈ͒ and ͑bЈ͔͒ are from ͓polymer͔/͓CaCO 3 ͔ϭ0.9. The arrangement of the curves is as follows: in ͑a͒ and ͑aЈ͒ increment 1͑᭺͒, 2͑᭞͒, and 3͑᭡͒; in ͑b͒ and ͑bЈ͒ increment 3͑᭡͒, 4͑᭺͒, and 5͑᭞͒, which corresponds to the numbers in Table I. FIG. 4. Decomposed partial scattering functions: S cc ͑᭺͒, S pp ͑छ͒, and S ww ͑᭡͒, respectively, for ͑a͒ sample ͓polymer͔/͓CaCO 3 ͔ϭ0.3 and ͑b͒ sample ͓polymer͔/͓CaCO 3 ͔ϭ0.9.
FIG. 5.
Comparison between the obtained scattering intensities ͑᭹͒ and the reconstructed intensities ͑छ͒ for ͑a͒ sample ͓polymer͔/͓CaCO 3 ͔ϭ0.3 and ͑b͒ sample ͓polymer͔/͓CaCO 3 ͔ϭ0.9. The curves are separated from each other by a shift factor of 10 or 100. The numbers beside the curves indicate the corresponding increments exhibited in Table I .
We will discuss the behavior of S cc and S pp in further detail in the following.
The partial scattering function of CaCO 3 , S cc , consists of two parts: at low-Q, an approximate Q Ϫ4 slope is clearly shown, which corresponds to the interface scattering ͑the Porod law͒ 38 described by
where S/V is the specific amount of surface ͑an interface area per unit volume͒ and is the Gaussian roughness of the interface. 39 Figure 6 presents Porod plots according to ln͓(d⌺/d⍀)(Q)Q 4 ͔ vs Q 2 for S cc . At low Q in Fig. 6 , the intensities increase and deviate from Q Ϫ4 , which is normally understood as an effect of curvatures of the interface and known as the Kirste-Porod law. 40, 41 However, in our case because of a Q Ϫ4 behavior at low Q limit, the forward scattering intensities are very strong, so that we cannot ignore the resolution effects of our diffractometer. Resolution effects were taken into account by convolution of a model function and a Gaussian type resolution function. 42 Since Eq. ͑16͒ gives an unrealistically large value near Qϭ0, the convolution process is easily destroyed. We made use of Beaucage's approach, where the form factor is described by the Guinier regime at low Q and the scale-limited Porod regime at high Q. 43 For a single object with a sharp interface and a radius of gyration, R g , the form factor is given as
in which is the volume fraction of the object in the system and V is the volume of the object, which can be calculated as
with the correlation function for the Guinier regime, ␥ G (r) ϭexp(Ϫ3r
. 43 Equation ͑17͒ is constant at low Q and shows Q Ϫ4 behavior at high Q, so that this equation also allows a convolution procedure at low Q, and moreover, it has only the fitting parameters R g ͑Ref. 44͒ and S/V, while the others must be known. In Fig. 6 the lines correspond to the fits with Eq. ͑17͒ taking the resolution effect into account, on the other hand, the dashed lines were calculated without the convolution by using the same parameters for comparison. The effect of resolution can be easily seen at low Q. For the sake of better fits with Eq. ͑17͒ in Fig. 6 , the second term was multiplied by exp(Ϫ 2 Q 2 ) as in the case of Eq. ͑16͒, since Eq. ͑17͒ approximates to 2⌬ 2 (S/V)Q
Ϫ4
at high Q. The resulting parameters are listed in Table II . The radii of gyration R g from scattering results can be compared with the observed SEM images using a model calculation for the radii of gyration for dumbbell and rhombohedral forms. The numeric details of this calculation are given in Appendix D. For a calcite rhombohedral crystal the interior angle ␣ϭ46°is given, 37 therefore the corresponding length of the side Lϭ1.1 m. For dumbbell forms, R g ϭ0.99 m for the samples prepared with ͓polymer͔/͓CaCO 3 ͔ϭ0.3 and 0.38 m for ͓polymer͔/͓CaCO 3 ͔ϭ0.9 were calculated, respectively, for several representative particles chosen from the SEM pictures. R g are nevertheless in the same order of magnitude with the particles observed by the SEM pictures, though the distribution of the size or the topology of particles was not taken into account for the sake of simplification as size distribution and topology affect its radius of gyration significantly. We emphasize here that the resolution effects are crucial in this case.
The difference of the specific amount of surface normalized by the volume fraction (S/V)/ CaCO 3 for each sample is quite obvious. It is apparent that the polymer induces a more complex shaped surface of CaCO 3 , since S/V can be related to the topology of interfacial structures. The interface roughness, , tends to increase also with the addition of polymer.
At high Q an additional scattering is observed, which was also fitted by Eq. ͑17͒. In Fig. 7 the partial scattering functions for three different samples with the results of fitting are displayed, and the resulting parameters are given in Table III . The influence of the polymer addition is apparent. It is clear that the achieved radii of gyration, r g , 45 and the specific amount of surface, S/V, are affected by the polymer addition, where r g is almost constant for the ͓polymer͔/͓CaCO 3 ͔ ratios of 0.3 and 0.9. As shown in Fig. 4 , S cc ϷS ww holds for all given Q; however, S cc is almost the same ͑slightly larger͒ as S ww at high Q, where r g is determined. Therefore, the origin of r g should be mainly the small structure between the water and CaCO 3 crystals, which may be related to in Eq. ͑16͒. These results tell that the addition of polymer also changes the interface structure of CaCO 3 dramatically. We guess that this surface roughness is a trace from the aggregation of small CaCO 3 particles which may be formed during the early stages of the reaction. The extracted partial scattering function of the polymer S pp contains information about the arrangement and conformation of the used double-hydorophilic block copolymer PEG-b-PMAA in the CaCO 3 crystals. S pp may be composed of two parts, namely, on one hand single polymer chain scattering is observed at high Q; on the other hand, the intensity increases monotonically at low Q. This monotonic slope at low Q shows I(Q)ϰQ Ϫ3 , which is clear evidence of a nearly homogeneous distribution of the polymer in CaCO 3 . Moreover, we assume that this slope proportional to Q Ϫ2 to Ϫ3 originates from a mass fractal structure. To evaluate this scattering profile, we applied the function as follows: 46, 47 
͑19͒
where ⌫(x) is the gamma function, D f is the mass fractal dimension, and is the length of the upper cutoff.
46,47 The corresponding pair-correlation function G(r) is given by
G͑r ͒ϰ͑ 1/r DϪD f ͒exp͑ Ϫr/ ͒, ͑20͒
with the space dimension D, and D f ϽDϭ3 in our case. At small r in Eq. ͑20͒, the polymer centers cannot approach closer than a radius 2R p of the other polymers, so that G(r)ϭ0 for rϽ2R p . In this situation, Eq. ͑19͒ decreases quickly and the scattering intensity is dominated by the polymer-coil scattering, which is described as
͑21͒
with Q Ϫ P asymptote with the Flory exponent Pϭ5/3, and the radius of gyration of polymer R g , and wϭ1.06. 48 B is a prefactor and defined by
is close to the Debye equation for an ideal ͑Gaussian͒ chain. Therefore we fitted the data with Eq. ͑19͒ at low-Q (QϽ0.01 Å) and with Eq. ͑21͒ at high-Q (Q Ͼ0.02 Å). In Fig. 8 the obtained partial scattering functon S pp and the corresponding fitted curve with Eqs. ͑19͒ and ͑21͒ are shown.
In the middle Q range between these two regimes, a plateau region is observed for both S pp of sample ͓polymer͔/͓CaCO 3 ͔ϭ0.3 and 0.9. This plateau region is clear evidence that the polymers are isolated as individual chains. If the polymer would have formed a network-like structure, such a plateau region cannot appear and a continuous decrease of the scattering intensity should be observed. 47 The obtained main parameters are R g ϭ35 Å and D f ϭ2.7 for the sample prepared with the initial condition ͓polymer͔/͓CaCO 3 ͔ϭ0.3, and R g ϭ32 Å and D f ϭ2.6 are achieved for ͓polymer͔/͓CaCO 3 ͔ϭ0.9 ͑see Table IV͒. The obtained R g are quite reasonable for its molecular weight. 49 The upper cutoff length can be related to the radius of gyration R g by 50
so that the calculated R g from the obtained D f and are 0.8 m for ͓polymer͔/͓CaCO 3 ͔ϭ0.3 and 0.3 m for ͓polymer͔/͓CaCO 3 ͔ϭ0. 9 . These values are comparable with R g obtained from S cc ͑see Table III͒ , therefore may originate in the size of a CaCO 3 particle. We suggest that the fractal dimension D f Ϸ2.6-2.7 means a distribution of the individual polymers ͑i.e., the cen-FIG. 7. Partial scattering functions S cc with the initial condition ͓polymer͔/͓CaCO 3 ͔ϭ0 ͑᭺͒, 0.3 ͑᭝͒, and 0.9 ͑ᮀ͒. The intensity scale applies directly to the lowest curve, and the others are successively shifted by a factor of 10. Solid lines correspond to fits with Eq. ͑17͒ for high Q. Dashed lines are also fits with Eq. ͑17͒ for low Q which are identical to the fits in Fig. 6 . ter of mass of each polymer͒ in the CaCO 3 crystals. Such structures with D f Ϸ2 -3 can be observed commonly for aggregation structures like silica particle aggregates, 47 silica aerogels, 51 polymer gels, 52 etc. Furthermore D f Ϸ2.5 can be often observed for nonequlibrium growth processes of diffusion limited aggregations or percolation clusters. 53 So our result indicates that the structure formation of CaCO 3 in the presence of double hydrophilic block copolymers might have similarities with these phenomena.
B. Cross terms
The cross terms S i j (i j) reflect correlations between the components i and j. They are achieved together with the squared terms, S ii , e.g., see Eq. ͑A8͒
In Fig. 9 the decomposed cross terms are shown. The relationships
are clearly found (S cc ϷS ww is the result in Sec. IV A͒. The scattering amplitude of component i at the given scattering wave number Q, A i (Q), is introduced as
where the scattering length is unity ͑i.e., ͗b i ͘ϭ1) and the absolute vector r i points toward the arbitrary position within component i. Therefore the partial scattering function S i j is described with the scattering amplitudes as
͑26͒
The relationships of the scattering amplitudes A i based on the Babinet principle ͑see Appendix A͒ are described in a complex plane as seen in Fig. 10 . The example of binary systems is exhibited in Fig. 10͑a͒ , where the amplitudes are on condition of ͉A 1 ͉ϭ͉A 2 ͉ with the phase difference 12 ϭ ͓see Eq. ͑A4͔͒. Figure 10͑b͒ displays We can summarize that the polymers are within the CaCO 3 particles, and are almost homogeneously distributed. No aggregates are formed, since S pp shows a plateau region in the middle of the Q range (0.01ϽQ ͓Å Ϫ1 ͔Ͻ0.04).
V. CONCLUSIONS
We have studied the effect of the double-hydrophilic block copolymer PEG-b-PMAA onto calcium carbonate (CaCO 3 ) morphogenesis. The polymer leads to a controlled synthesis of CaCO 3 with unusual morphologies. This could be demonstrated here on a more detailed basis than has been reported before in Ref. 8 .
We performed small angle neutron scattering experiments applying a sophisticated contrast variation scheme, which leads to a decomposition of the obtained scattering data into the partial scattering functions of each component. This is an essential requirement for a comparison with quantitative approaches and for a detailed analysis of the role of the polymers as additives for the morphogenesis of CaCO 3 . Furthermore, our experiments confirm the validity of a model based on the assumption of incompressibility as well as of the Babinet principle, which predicts that the scattering intensities of any ternary system can be described by the three squared-terms of the partial scattering functions.
A careful analysis of the partial scattering functions elucidated very detailed information on the structure of each component in the organic-inorganic hybrid material on the mesoscopic scale in a coherent manner. The obtained partial scattering function of polymer, S pp , is roughly two orders of magnitude lower than the partial scattering function of CaCO 3 , S cc , and S cc ϷS ww holds in the measured Q range, where S ww is the partial scattering function of water. This FIG. 9 . Cross terms of CaCO 3 -water, ϪS cw ͑᭡͒; water-polymer, S wp ͑᭹͒; and CaCO 3 -polymer ϪS cp ͑छ͒, respectively, for ͑a͒ sample ͓polymer͔/͓CaCO 3 ͔ϭ0.3 and ͑b͒ sample ͓polymer͔/͓CaCO 3 ͔ϭ0.9. It is mentioned that S cw and S cp are negative in the measured Q range, so that ϪS i j are displayed for the double logarithmic scale. The squared term of CaCO 3 , S cc ͑᭺͒, is also exhibited for the comparison with ϪS cw . The relationships S wp ϷϪS cp and ϪS cw ϷS cc can be clearly seen. corresponds to a very low concentration of the polymer in the CaCO 3 hybrid particles, which is consistent with the results achieved by pyrolysis measurements in Appendix C 2 ͑5.1-5.9 wt %͒. At low Q, S pp shows a monotonic increase obeying I(Q)ϰQ ϪD with Dϭ2.6 and 2.7. This suggests that the distribution of the polymer has a mass fractal dimension. In other words, the centers of mass of the polymers are distributed in CaCO 3 obeying N(r)ϰr ϪD with Dϭ2.6-2.7, where N(r) is the number density of the polymer as a function of distance, r. Those slopes continue to Q Ϸ0.002 Å Ϫ1 , where the corresponding length scale in real space is roughly 300 nm according to the Bragg's condition of diffraction dϭ2/Q, and which is the lowest limit of our experiment, so that this structure exists over a large scale ͑possibly up to near micron order͒. In the middle Q range, a plateau region is observed for S pp , which is evidence that the polymer chains are isolated individually. The comparison between the partial scattering functions of water S ww and CaCO 3 S cc reveals the outer interface roughness of the CaCO 3 particles, which may be a trace from the aggregation of CaCO 3 primary particles at the early stage of the crystal formation.
The other partial scattering functions give additional significant information. Especially, the comparisons of the cross terms, S cp , S wp , and S cw , lead to an understanding of the relationships of each scattering amplitude, and this result clearly concludes the location of the polymers, i.e., most polymers are within the CaCO 3 crystals.
The effect of the double hydrophilic polymer during crystallization is possibly that the polymer changes the crystallization process into an aggregation-like behavior, which may be similar to diffusion limited aggregation or percolation clusters. The significant difference from those processes is that the final CaCO 3 crystals have finely controlled superstructures with respect to their size and shape, like dumbbell, sphere, and others. But this point is still a mystery. Ongoing more detailed studies, e.g., about the kinetics of the crystallization process, are also essential for the comprehensive understanding.
We demonstrated in this article that our experiment applying the contrast variation neutron scattering technique is accurate enough to reveal the hidden information, even though the amount of the target material in the system is minute, and this method is almost identical to the possibility to achieve structure information with nanometer-scale resolution.
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APPENDIX A: THE MULTICOMPONENT BABINET PRINCIPLE
The Babinet principle can be derived from geometric justification. 54 Let us assume a multicomponent system with p different species as in Sec. II A, however, here we assume the scattering contrasts of all components are the same. In this case, there is no scattering arising, which has a relationship as follows:
where A i (Q) is a scattering amplitude of species i with the unit scattering length defined in Eq. ͑25͒. This relationship is called ''the Babinet principle,'' and A k (Q) reflects simply the geometry of component k.
Equation ͑A1͒ can be easily understood if we consider a binary system. In that case, the total scattering intensity from species 1 and species 2 is given by
which is derived from Eq. ͑1͒. Here, for any binary system, the scattering from species 1 and species 2 should be the same, i.e.,
Equation ͑A3͒ means that the amplitudes of A 1 (Q) and A 2 (Q) are the same, therefore the difference of the phase between A 1 (Q) and A 2 (Q) is just . Finally we can derive
This discussion can easily be applied to multicomponent systems and we achieve Eq. ͑A1͒, which leads to
Therefore the corresponding partial scattering function S kk (Q) is given by
is the same as Eq. ͑7͒. Equations ͑7͒ and ͑A6͒ allow one to eliminate one species, e.g., eliminating the species represented by index k, we can derive d⌺ d⍀
is known as the general description of elastic scattering with partial scattering functions in the basis of incompressibility or the Babinet principle. 32, 55 We can also substitute all the squared terms S kk (Q) with the cross terms S i j (Q) (i j) by Eq. ͑6͒. Then we achieve d⌺ d⍀
Equation ͑A8͒ is equivalent to Eq. ͑A7͒. Both Eqs. ͑A7͒ and ͑A8͒ indicate that the number of partial scattering functions for the description of the scattering intensity is at least p C 2 ϭp!/͕(pϪ2)!•2͖ based on the assumption of incompressibility.
APPENDIX B: DECOMPOSITION FROM PARTIAL SCATTERING FUNCTIONS TO SCATTERING LENGTH DENSITIES
If we know the partial scattering functions, we can decompose the intensity into scattering length densities, i.e., for ternary systems,
where
Equation ͑B3͒ is based on Eq. ͑A7͒. In Eq. ͑B1͒, both S i j (Q n ) and (d⌺/d⍀)(Q n ) for the whole experimental Q range of the single scattering result are included into the matrix S គ in order to decompose each ⌬ i j 2 with solving S គ T .
The obtained ⌬ i j 2 may lead to optimized partial scattering functions. The experimental intensities are compared with reconstruction intensities, which are reconstructed with the estimated scattering length densities and the obtained partial scattering functions ͓i.e., calculating the right-hand side of Eq. ͑10͔͒. This method can be used to check the quality of the initial estimation of the scattering length densities of each component.
The iterative procedure is as follows: First of all, the errors between the experimental values and the reconstructed values are summed up, where the reconstruction is done by the inferred partial scattering functions and the estimated scattering length densities with Eq. ͑10͒. Second, the ⌬ i j 2 are estimated by Eq. ͑B1͒, i.e., the inferred partial scattering functions lead to the optimized scattering length densities for each scattering intensity. These scattering length densities are used to decompose the experimental intensities into the partial scattering functions again. Finally, the total sum of errors is calculated with these ''renewed'' partial scattering functions, and compared with the former values. When the updated error is bigger than the former one, the procedure was stopped, otherwise it is repeated until the error reaches the minimum.
We mention that this iterative method requires certain realistic constraints, since without these constraints the values easily lead to unrealistic results. In our case, the scattering length densities of CaCO 3 and the polymer were fixed, and only the scattering length densities of the solvent ͑water͒ was allowed to move as a parameter. Additionally, the scattering length densities of the solvent for the increment-1 and D 2 O were forced to be identical for sample ͓polymer͔/͓CaCO 3 ͔ϭ0.3 and 0.9, since we used the same solvents for these experiments. The initial estimation of the scattering length densities and the obtained values with this procedure are listed in Table V . About 2% collection is the maximum, and this reflects the accuracy of these experimental procedures and this error probably originates from inaccuracies 56 during mixing H 2 O and D 2 O. In Fig. 11 the resulting partial scattering functions S cc (Q), S pp (Q), and S cp (Q) are displayed. The obtained cross term S cp (Q) is negative for the whole measured Q range, so that ϪS cp (Q) is shown in a doublelogarithmic scale. The effects of scattering length density corrections are shown as open markers and closed markers in Fig. 11 . The corrected scattering length densities mainly affect S pp and S cp , as shown in Fig. 11 , especially at low Q, but these are only minor effects, which do not change the analytic results dramatically. This procedure checked the quality of the estimation of the scattering length densities.
APPENDIX C: CHARACTERIZATION OF CaCO 3 PARTICLES
Scanning electron microscopy
The obtained crystals were checked by scanning electron microscopy ͑SEM͒ on a Carl Zeiss DSM 940A ͑Jena, Germany͒ to confirm the obtained morphology. Figure 1 depicts the observed electron microscopy pictures of the materials. The effect of the polymer is clearly shown, that is, without polymer only the well-established rhombohedral crystals ͑calcite͒ were obtained, on the other hand, mainly dumbbell structures were obtained with polymer. Moreover the sizes of crystals are strongly affected by the mass ratio ͓polymer͔/͓CaCO 3 ͔. It is evident that the crystal size with ͓polymer͔/͓CaCO 3 ͔ϭ0.3 is bigger than that of ͓polymer͔/͓CaCO 3 ͔ϭ0.9. Since all the crystals were prepared under vigorous stirring during the whole crystallization process, the obtained morphologies were dumbbell-shaped for both of the samples with polymer, which is different from the results in Ref. 8 where the crystals were grown on standing for 24 h after 1 min stirring at the mixing of chemicals.
Thermogravimetry analysis
Thermogravimetry analysis was performed to investigate the mass fraction of the polymer in the crystals with a Netzsch TG209 ͑Selb, Germany͒.
The samples were heated up to about 900°C gradually for 45 min under nitrogen atmosphere, and the mass reduction was measured against temperature. Figure 12 gives the results obtained from CaCO 3 crystals with different polymer concentrations. We assume that the reduction of polymer mass is represented between 150 and 600°C, since the polymer contains water which first evaporates ͑about 2 wt %͒. We can see the quick decrease of the total mass over 600°C, which corresponds to the thermal decomposition of CaCO 3 to CaO. The achieved mass ratios of the polymer are 5.1 wt % for the crystal prepared with ͓polymer͔/͓CaCO 3 ͔ϭ0.3, and 5.9 wt % for ͓polymer͔/͓CaCO 3 ͔ϭ0.9, which correspond to 12.7 vol % (͓polymer͔/͓CaCO 3 ͔ϭ0.3) and 14.5 vol % (͓polymer͔/͓CaCO 3 ͔ϭ0.9), respectively. These results imply that the most of the polymers were not included into CaCO 3 particles. All the obtained values and the other parameters are summed up in Table VI. FIG. 12. Thermogravimetry measurement profiles for CaCO 3 without polymer ͑-•-͒, with polymer concentration ͓polymer͔/͓CaCO 3 ͔ϭ0.3 ͑-͒, and with polymer ͓polymer͔/͓CaCO 3 ͔ϭ0.9 ͑---͒, respectively. 
Wide angle x-ray scattering
Wide angle x-ray scattering ͑WAXS͒ measurements were used for the determination of the structures of the crystals by a PDS120 diffractometer ͑Nonius GmbH, Solingen͒ with Cu K ␣ radiation. It is well known that there are three anhydrous mineral forms of CaCO 3 , which are calcite ͑trigo-nal͒, vaterite ͑hexagonal͒, and aragonite ͑orthorhombic͒. They have different crystal structures and symmetries, where calcite is the most stable of them in most environments 37 especially at the applied conditions. As showing in Fig. 13 , the obtained x-ray diffraction patterns exhibit only sharp calcite reflections, where the peak positions are not affected by the addition of polymer. This confirms that the crystal superstructures are composed of well-crystallized calcite crystals.
On the other hand, Fig. 14 shows the ͓104͔ peaks which get broader with increasing the concentration of polymer. The peak width can be related to the crystallite defect size L by the well-known Scherrer formula 57 as
where is the x-ray wavelength, is the diffraction angle, and ␤ m is the linewidth of the diffraction profile. The constant K depends on the morphology of the crystallite and may be unity in the case that L is the thickness of the crystal. In Table VI , the obtained primary crystallite defect sizes L are displayed. It is cleary visible that the addition of polymer leads to an efficient decrease of the crystallite size. The size L is originated from the orientation of the crystallite, which is insensitive for small angle scattering ͑we discussed in Sec. IV A͒. But this broadening of the scattering peak is also a clear effect of the polymer addition. 
Rhombohedral form
A rhombohedron is a six-sided prism whose sides are parallelograms with same lengths. 58 Therefore a rhombohedron is characterized by ͉A ជ ͉ϭ͉B ជ ͉ϭ͉C ជ ͉ϭL ͑D3͒
and
where A ជ , B ជ , and C ជ are linearly independent which three sides of a rhombohedron ͑see Fig. 16͒ , and ␣ is an interior angle of two of these vectors with 2/3Ͼ␣ /2.
Next, the unit vectors which are parallel to A ជ , B ជ , and C ជ are defined as
With a ជ , b ជ , and c ជ , the position vector in a rhombohedral r ជ G , whose origin is the center of mass of the rhombohedral, can be given by Therefore, taking acount of symmetry, the radius of gyration of a rhombohedron can be calculated as
which is from Eq. ͑D9͒.
